Two different InGaN/GaN multiple-quantum well ͑MQW͒ microdisk light emitting diodes ͑-LEDs͒ with different In compositions in the MQW were fabricated. The optical output power was greatly increased with a reduction of LED size. This can be attributed to the enhanced current density and internal quantum efficiency in -LEDs. The peak shift and the enhancement of output power were larger in -LED with a higher In composition in the MQW. These can be explained by a reduced piezoelectric field due to a partial strain relief and also more efficient carrier confinement due to a higher In composition in the MQWs. III-nitride semiconductors are considered to be promising materials for use in applications of optoelectronic devices, which is active in the blue and ultraviolet ͑UV͒ regions.
III-nitride semiconductors are considered to be promising materials for use in applications of optoelectronic devices, which is active in the blue and ultraviolet ͑UV͒ regions. 1 The recent success of III-nitride edge emitters including blue/UV LEDs and laser diodes ͑LDs͒ is encouraging for the study of microcavity LDs and microdisk LEDs ͑-LEDs͒. 2 Microsize LEDs and LDs offer benefits over conventional broad-area emitters in terms of the ease of fabricating arrays of individually controllable pixels on a single chip, 3, 4 easy coupling to optical fibers, 4 enhanced quantum efficiency, 5, 6 and reduced lasing threshold. 7 Recently, Jin et al. reported on the fabrication and characterization of InGaN/GaN quantum well ͑QW͒ -LEDs 6 and interconnected -LEDs. 8 They reported a drastically enhanced quantum efficiency in -LEDs over broad-area LEDs and proposed several possible reasons, including an increased current density in -LEDs, a reduced piezoelectric field in the InGaN well layer resulting from the partial strain relief in -LEDs due to the reduced lateral-sizes of the devices, and the enhancement in light-extraction efficiency of -LEDs. The reduced piezoelectric field caused by lateral sizereduction was confirmed, based on observations of the photoluminescence ͑PL͒ peak shifts by Dai et al. 9 However, the mechanism of the enhanced quantum efficiency in -LEDs is not fully understood and those for emission properties are in the initial stages of investigation.
According to the previous reports, 6,8 a single -LED with a diameter of 12 m showed a drastic enhancement in quantum efficiency compared to a conventional LED ͑Ref. 6 reported that the relative EL intensity level was around 1.6 at 3.2 mA in the -LED, while that in the conventional LED was around 1.3 at 50 mA͒. However, the EL intensity at 20 mA in an interconnected -LED was increased by only 50-60% compared with that for a conventional LED. The main difference between a single -LED and the interconnected -LED is the current density. Considering the total area of such devices, the current density in a single -LED would be much higher than that in an interconnected -LED or a conventional LED at the same current conditions. In this paper, we investigate the electrical properties of -LEDs and also examined the dominant mechanism responsible for the enhancement in quantum efficiency in two different -LEDs with different In concentrations in the MQWs.
Experimental
The LED samples were grown on a c-face ͑0001͒ sapphire substrate by metallorganic chemical vapor deposition in a rotating-disk reactor ͑Emcore D125͒. A GaN nucleation layer ͑30 nm͒, an n-GaN ͑1.5 m͒, 5 periods of InGaN ͑3 nm͒/GaN ͑8.5 nm͒ QW, and a p-GaN ͑250 nm͒ were grown on the substrate in sequence. The mole fraction of In in the MQWs were 0.25 and 0.05, respectively. The LED structure was thermally annealed at 800°C for 5 min under an N 2 ambient in a rapid thermal annealing system to activate the Mg acceptors. The bulk carrier concentrations of n-and p-GaN were 2 ϫ 10 18 cm Ϫ3 and 3 ϫ 10 17 cm
Ϫ3
, respectively. The LED fabrication process used is as follows; a buffered oxide etchant ͑BOE͒ treatment was performed for 1 min to remove native oxide from the surface. A Ni ͑30 nm͒/Au ͑100 nm͒ film was evaporated onto the original LED wafers as a p-electrode ohmic contact. Circular shaped -LEDs with diameters of 8, 10, 50, and 100 m were formed in an inductively coupled plasma ͑ICP͒ etching system ͑Ox-ford plasmalab system 100͒. The etch conditions used in -LED formation were Cl 2 /Ar ͑10 sccm/5 sccm͒ etching gas, 3 mTorr of gas pressure, 1500 W of ICP power, 150 W of an radio frequency table power, and 20°C for the substrate temperature. In the etching process, the p-metal ͑Ni/Au͒ film and the original LED wafer were simultaneously etched away, indicating that the size of the p-electrodes is exactly the same as that of the disks. Finally, a Ti ͑30 nm͒/Al ͑150 nm͒ bilayer was deposited on the exposed n-GaN layer as an n-electrode. All contacts were annealed at 500°C for 30 s in an N 2 ambient. A semiconductor parameter analyzer ͑HP 4155͒ was used to inject the current for measurement of current-voltage ͑I-V͒ characteristics, EL spectra, and the optical output power of the -LEDs. Figure 1a shows an optical microscope image of the fabricated -LEDs. All edges of -LEDs were aligned at the same distance from the n-electrode to permit the electrical and optical properties to be examined as a function of current density. Figure 1b shows the current density-voltage characteristics of the various sized -LEDs. With decreasing diameter of the LEDs, the current density was greatly increased at the same voltage, as shown in Fig. 1b . The current density-voltage characteristics of two samples were nearly the same.
Results and Discussion
The EL spectra measured at a current of 3 mA are shown in Figure 2a shows that the emission peaks of the EL spectra were gradually shifted toward the higher energy side with decreasing disk size. The peak wavelengths are 475.3 nm for 100 m LED and 439.4 nm for 8 m LED, respectively. The blueshift is ϳ200 meV. One possible reason for this blueshift is a partial strain relief due to the lateral size reduction. 6, 9 Because of the lattice mismatch between the InGaN wells and GaN barriers, the piezoelectric z E-mail: sjpark@gist.ac.kr field could be built up in the MQW system. This piezoelectric field will induce a spatial separation of the electron and hole wave functions in the well layers, leading to a red shift in the emission spectra and a reduced internal quantum efficiency. 10, 11 With decreasing sizes of LEDs, the strain relaxation could occur, and hence the piezoelectric field would be decreased. Therefore, the blueshift shown in Fig. 2a can be attributed to the reduced piezoelectric field due to the reduced lateral sizes. It is well known that the band filling effect in the QWs would induce the blueshift in the emission spectra. [12] [13] [14] [15] As the LED size was reduced, the carrier density was significantly increased as shown in Fig. 1b . This induces the band filling effect in the MQWs, leading to the blueshift in the emission spectra. In addition, the band filling effect can also be much enhanced in smaller LEDs. Therefore, the reduced piezoelectric field and enhanced band filling effect can explain the blueshift with size reduction in Fig. 2a . In contrast to In 0.25 Ga 0.75 N/GaN LED, in the EL spectra of In 0.05 Ga 0.95 N/GaN LED, no shift can be seen, as shown in Fig. 2b . Because the In concentration in In 0.05 Ga 0.95 N/GaN MQWs is much lower than that in In 0.25 Ga 0.75 N/GaN MQWs, the piezoelectric field built in the MQWs is much smaller than that for In 0.25 Ga 0.795 N/GaN MQWs. Therefore, no remarkable blueshift in the emission spectra due to a partial strain relief can be seen with decreasing the sizes of LEDs. It was reported that Joule heating by an increased current density with size reduction can lead to a carrier overflow in the QW structure. 16 To make an accurate comparison of EL intensities, we measured the optical output power of -LEDs at an input current of 3 mA, as shown in Fig. 3 . Figure 3 shows that the output powers of LEDs are gradually increased with a reduction in LED size, which is in agreement with the results of Fig. 2a and b . However, the output powers for the -LEDs with a diameter of less than 10 m are decreased. This could be presumably due to the heating effect and nonradiative surface recombination centers that are accumulated in the disks. 17, 18 Because the dry etching process is typically performed under a relatively high dc bias, the formation of nonradiative surface recombination centers such as etch-induced sidewall damage of LEDs is inevitable. In addition, the sidewall damage could significantly influence the property of small LEDs which have a large ratio of surface to bulk region compared to large LEDs. Therefore, for the -LEDs with a diameter of less than 10 m, the reduction of output power can be attributed to the increased nonradiative surface recombination centers. It is noteworthy that the enhancement of Figure 4 shows the optical power efficiency ͑output power/input power͒ measured from In 0.05 Ga 0.95 N/GaN -LEDs. The data for In 0.25 Ga 0.75 N/GaN -LEDs showed same trend as In 0.05 Ga 0.95 N/GaN -LEDs. The optical power efficiency is also increased with decreasing size of the LEDs. However, the optical output power of -LED with a smaller size starts to saturate at a lower input power compared to that of -LED with a larger size due to an increase in Joule heating and nonradiative surface recombination with reducing the size of an LEDs, as discussed in Fig. 3 .
Conclusions
-LEDs with different In contents in InGaN/GaN MQWs were fabricated. The optical output powers of the two -LEDs with different In contents were greatly enhanced at the same input current with decreasing size of -LEDs. This was attributed to the reduced piezoelectric field due to a partial strain relaxation in the MQWs. In comparisons of the EL spectra and the optical output power, the -LED sample with a higher In-content showed larger peak shift and enhancement in output power due to the larger potential depth in MQWs and reduced piezoelectric field compared to those with a lower In-content. The result also suggests that the degradation in optical power due to Joule heating and nonradiative surface recombination is more pronounced when the size of an -LED is decreased. 
